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Abstract Using rainfall data from the Global Precipita-
tion Climatology Project (GPCP), NOAA extended re-
construction sea surface temperature (ERSST), and
NCEP/NCAR reanalysis, this study investigates the in-
terannual variation of summer rainfall southwest of the
Indian Peninsula and the northeastern Bay of Bengal as-
sociated with ENSO. The composite study indicates a
decreased summer rainfall southwest of the Indian Penin-
sula and an increase in the northeastern Bay of Bengal
during the developing phase, but vice versa during the
decay phase of EI Nifio. Further regression analysis dem-
onstrates that abnormal rainfall in the above two regions
is controlled by different mechanisms. Southwest of the
Indian Peninsula, the precipitation anomaly is related to
local convection and water vapor flux in the decay phase
of El Nifio. The anomalous cyclone circulation at the
lower troposphere helps strengthen rainfall. In the north-
eastern Bay of Bengal, the anomalous rainfall depends on
the strength of the Indian southwest summer monsoon
(ISSM). A strong/weak ISSM in the developing/decay
phase of El Nifio can bring more/less water vapor to
strengthen/weaken the local summer precipitation.
Keywords: Indian summer monsoon, ENSO, interannual
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1 Introduction

The Indian summer monsoon has an important impact
on the social and economic activities of residents within
its zone of influence. Previous studies found that large-
scale air-sea interactions, such as the El Nifio-Southern
Oscillation (ENSO) and the Indian Ocean Dipole (10D),
are essential factors contributing to variations in precipi-
tation (Saji et al., 1999; Webster et al., 1999). El Nifio
alters atmospheric circulation and affects the climate re-
motely via atmospheric wave adjustments by changing
the atmospheric convection over the central-to-eastern
equatorial Pacific (Klein et al., 1999; Alexander et al.,
2002). Numerous studies have investigated the relation-
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ships between El Nifio and regional climate in the tropical
Indian Ocean (e.g., Lau and Nath, 2000; Xie et al., 2002).
Many of these studies investigated the impacts of the 10D
on the climate of the Indian Ocean and neighboring re-
gions (e.g., Hastenrath, 2002; Ashok et al., 2003; Anna-
malai and Murtugudde, 2004). Saji et al. (1999) and Web-
ster et al. (1999) found a high correlation between the
I0D and East Africa precipitation. During the positive
10D, a warming SST emerges at the Western Indian Ocean
(WIO) and a cooling SST emerges at the Eastern Indian
Ocean (EIO), bringing a positive rainfall anomaly in the
WIO and a negative rainfall anomaly in the EIO (Saji and
Yamagata, 2003).

In the Southwestern Indian Ocean (SWIO), a previous
study indicated that the SST warms starting in early
spring in the decay phase of El Nifio (Wu et al., 2008;
Schott et al., 2009). Due to the Wind-Evaporation-Sea
Surface Temperature (WES) feedback, the southward SST
gradients stimulate an antisymmetric pattern of atmos-
pheric anomalies, with northeasterly and northwesterly
wind anomalies north and south of the equator, respec-
tively (Xie and Philander, 1994; Kawamura et al., 2001;
Wu et al., 2008). The antisymmetric wind pattern an-
chored by the SWIO warming persists until early summer
in the decay phase of El Nifio. Subsequently, the anti-
symmetric wind field pattern brings two effects: a warm-
ing SST over the North Indian Ocean (NIO) and a weak-
ening of the summer Indian monsoon, producing anoma-
lous summer precipitation (Du et al., 2009; Parthasarathy et
al., 1991). Izumo et al. (2008) used observations and an
advanced coupled atmosphere-ocean general circulation
model to show that the northeasterly anomaly can weaken
the upwelling along the Somalia-Oman coast to warm the
SST over the western Arabian Sea. The increasing SST
along the Somalia-Oman coast enhances the moisture
transport toward India and strengthens the monsoon rainfall
during the decay phase of EI Nifio.

The present study investigates the summer rainfall in
the Northern Indian Ocean (NIO) associated with ENSO
events. Our results show that there is an opposite response
of summer rainfall anomalies to the developing and de-
caying phases of El Nifio. We propose a mechanism dif-
ferent from that of lzumo et al. (2008) to explain the
variation of precipitation southwest of the Indian Penin-
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sula. The rest of the paper is organized as follows: Section
2 describes the data and methods; Section 3 illustrates the
characteristics of the summer precipitation over NIO and
gives the results of composite and regression analyses;
and Section 4 presents a summary and discussion of this
study.

2 Data and methods

The Global Precipitation Climatology Project (GPCP)
version 2.2 monthly combined precipitation with a resolu-
tion of 2.5°x2.5° was used (Adler et al., 2003). The ex-
tended reconstructed sea surface temperature (ERSST) by
the National Oceanic and Atmospheric Administration
(NOAA) is available on a 2.5° grid (Smith et al., 2008).
The National Centers for Environmental Prediction-
National Center for Atmospheric Research (NCEP-NCAR)
atmospheric reanalysis (Kalnay et al., 1996) used here
includes 850-hPa wind and specific humidity with a reso-
lution of 2.5°x2.5°. The data span January 1979 to De-
cember 2010 to consider the impacts of El Nifio on the
tropical Indian Ocean climate, which exhibited a dramatic
change in the mid-1970s (Xie et al., 2010).

To highlight the signal of the interannual variability, all
the data were filtered with a 4- to 84-month band-pass
filter, and their long trends were removed. The empirical
orthogonal function (EOF) analysis, composite and re-
gression methods were used to analyze the interannual
variations of the NIO summer precipitation. In addition,
the developing and decay years of ENSO were designated
by 0 and 1.

3 Results
3.1 Precipitation differences in the two regions

Due to its complexity, the Indian monsoon rainfall has
received much attention. Figure la shows that there are
two maximum centers of the root mean square (RMS) of
the summer (June-July-August, JJA) precipitation anom-
aly over the Northern Indian Ocean (NIO). One center is
located southwest of the Indian Peninsula (SWIP), with a
peak at the west coast of the Indian Peninsula. This peak
indicates the orographic effect from the Western Ghats
mountain range (lzumo et al., 2008) and mountain-
anchored precipitation (Xie et al., 2006). The other center
is located the northeastern Bay of Bengal (NEBB), and its
large value extends from northwest to southeast, covering
a wide area.

Figure 1b shows the first EOF mode of the NIO sum-
mer (JJA) rainfall variability. The EOF emerges as a di-
pole-like mode, with a weak decrease over the Indian
Peninsula and neighboring ocean to its west and the
southern Bay of Bengal. A major increase is shown in the
NEBB, extending from northwest to southeast, which is
similar to the result of Fig. 1a. The principal components
(PCs, Fig. 1c) of the first EOF mode indicate an obvious
interannual variability. In addition, in strong ENSO years,
the PCs and Nifio-3.4 index have the same variation trend.

To further investigate the rainfall pattern, we selected
two relatively small domains: the SWIP and the NEBB
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Figure 1 (a) RMS of summer (JJA) rainfall anomaly; (b) First EOF
mode of summer rainfall anomaly, the red and green boxes show the
regions of the SWIP (8-16°N, 67-73°E) and the NEBB (15-22°N,
88-97°E), respectively; (c) The principal components (PCs, black line)
of the First EOF mode and the 32-year time series for the NDJ(0)
Nifio-3.4 index (shaded gray, °C), red line denotes the range of the stan-
dard deviation of the PCs.

(Fig. 1b, red and green boxes). The designated SWIP area
(Fig. 1b, red box) does not include the west coast of the
Indian Peninsula to avoid the orographic effect caused by
the mountain range. A 32-year time series of JJA rainfall
for the SWIP and the NEBB and the November-Decem-
ber-January (NDJ)(0) Nifio-3.4 index were used to study
the relationships between them (Fig. 2). The result indi-
cates an opposite relationship between the SWIP and the
NEBB summer rainfall anomalies, with a correlation co-
efficient —0.47. More rainfall in the SWIP usually corre-
sponds to less rainfall in the NEBB. The NEBB rainfall is
positively correlated to the Nifio-3.4 index, with a corre-
lation coefficient 0.42; for the SWIP rainfall, it is —0.47.
All the correlation coefficients pass the 95% confidence
level. The time series of JJA rainfall confirm the result
from the EOF analysis and, thus, the solid relationships
between the summer rainfall over the NIO and ENSO
events.

3.2 Composite results

To demonstrate the anomalous atmospheric circulation
and the NIO conditions, a composite is made based on the
following standards: the recognized ENSO year (Meyers
et al., 2007) and its PCs are larger than one standard de-
viation. We chose 1982, 1994, 1997, and 2006 as positive
cases and 1983, 1988, 1998, 2007, and 2010 as negative
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cases. Figure 3 shows the composited anomalies of pre-
cipitation, 850-hPa wind, and SST in JJA. The left panel
(positive cases) presents the summer JJA(0) in the ENSO
developing phase, while the right panel (negative cases)
presents the JJA(1) in the ENSO decaying phase.

Over the Arabian Sea and the Bay of Bengal, the wind
anomalies are strong westerlies in JJA(0) and easterlies in
JJA(1), consistent with former analyses (Xie et al., 2009;
Du et al., 2009). The SST warms significantly over the
Arabian Sea and the Bay of Bengal in JJA(1). This
warming is attributed to the positive shortwave radiation
flux and positive atmospheric forcing component of latent
heat flux (AtF-L), the latter associated with anomalous
easterlies (Du et al., 2009). An anticyclonic circulation
covers the SWIP in JJA(O) and depresses the deep con-
vection, leading to a negative rainfall anomaly. In JJA(),
however, a cyclone circulation anomaly occupies over the
region and enhances convection, resulting in more pre-
cipitation over the SWIP. In the Arabian Sea, the en-
hanced westerly wind bring more water vapor to the
NEBB and increases rainfall in JJA(0). In a reverse situa-
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tion, an anomalous easterly wind weaken the clima-
tological monsoonal wind and decreases the local pre-
cipitation.

3.3 The regression

This section presents results from regression and dem-
onstrates how ENSO affects the rainfall over the region.
Figure 4 shows the regression of rainfall, 850-hPa wind,
and water vapor flux divergence on the NDJ(0) Nifio-3.4
index. The results are consistent with the previous com-
posite analysis (Fig. 3). The dipole-like mode of precipi-
tation over the NIO are represented precisely. The anti-
cyclonic circulation over the SWIP, the westerly anoma-
lies over the NEBB at JJA(0), the cyclonic circulation
over the SWIP and the easterly anomalies over the NEBB
at JJA(L) are all seen in the regression results. The water
vapor flux anomalies, with a divergence over the SWIP at
JJA(0) and the NEBB at JJA(1) while converging over the
NEBB at JJA(0) and the SWIP at JJA(1), are consistent
with the precipitation anomalies. Overall, the wind and
water vapor flux plays an essential role in the NIO
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Figure 2 32-year time series of JIA rainfall for the SWIP (red line, mm d™), the NEBB (green line, mm d™), and the NDJ(0) Nifio-3.4 index (gray

shaded, °C).
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Figure 3 Composite of (a) positive and (b) negative cases of rainfall anomalies (shaded, mm d™*; rainfall anomalies exceeding the 90% significance
level are denoted with white contours), 850-hPa wind anomalies (vector, m s7; wind speed anomalies lower than a 90% significance level are masked
out), and SSTA (contours, °C; SSTAs less than a 90% significance level are masked out).
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Figure 4 Regression on the NDJ(0) Nifio-3.4 index for (a) JJA(0) and (b) JJA(1): rainfall (shaded, mm d™), 850-hPa water vapor flux divergence
(contours, 10°kg m™ s7), and 850-hPa wind anomalies (vector, m s; wind speed anomalies less than 0.2 m s™ have been masked out). The thin and
thick white lines denote confidence levels over 90% and 95% of the correlation coefficients of JJA(1) rainfall correlated with the NDJ(0) Nifio-3.4

index, respectively.

summer rainfall anomaly during ENSO events.

4 Summary and discussions

This study investigated the interannual variations of
summer rainfall in the regions southwest of the Indian
Peninsula (SWIP) and the northeastern Bay of Bengal
(NBBB). Variations related to the atmospheric circulation
associated with ENSO were found. Our primary analysis
was based on EOF methods, composites, and regressions
of summer rainfall referenced to the NDJ(0) Nifio-3.4
SST index. During the summer of the developing phase of
an El Nifio event (JJA(0)), an anticyclonic anomaly cov-
ers the SWIP, which depresses the local convection and
decreases the precipitation, while westerly anomalies
bring more water vapor to the NEBB, increasing the
summer rainfall over the region. However, the circulation
condition reverses during the summer (JJA(1)) following
El Nifio, with a cyclonic circulation over the SWIP and
easterly anomalies prevailing over the Bay of Bengal,
resulting in strengthened rainfall over the SWIP and
weakened rainfall over the NEBB. The local SST contrib-
utes to convection to some extent, but the convergence of
the wind and rich water vapor transports are more impor-
tant factors enriching the precipitation.

Xie et al. (2009) investigated the Indian Ocean capaci-
tor effect on the Indo-Western Pacific climate during the
summer following El Nifio. With a correlation analysis

between rainfall and NDJ(0) Nifio-3.4, they found a posi-
tive correlation over the tropical Indian Ocean (T10) but a
weak correlation at the NEBB in summer following El
Nifio (JJA(L)). Their results suggested that the response of
the NEBB rainfall to ENSO varies greatly from case to
case. We double-check the correlation, as shown in Fig.
4b, and find that it is similar to that in Xie et al. (2009).
Why do the EOF and regression illustrate a close rela-
tionship of rainfall with ENSO over the NEBB but the
correlation does not? The high monsoonal variations, in-
dependent of ENSO, may be a reason. Different regional
responses to the different climate regimes may be another
reason. We leave this question open to further investiga-
tion in the future.
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